Hybrid photocatalysts of graphitic carbon nitride (g-C 3 N 4 ) and reduced graphene oxide (rGO) composites were prepared in one-pot via a thermal condensation of melamine with different amounts of graphene oxide (GO). As metal-free hybrids, the prepared photocatalysts presented enhanced performances in photooxidation of both methylene blue and phenol in water solutions under various light irradiations. The level of rGO significantly affected MB photodegradation efficiencies. The introduced graphene can improve the MB adsorption and optical absorption in visible light region, therefore enables the hybrids to efficiently degrade MB under visible light with wavelengths longer than 430 nm. The metal-free photocatalysts were also able to degrade phenol effectively and the effects of catalyst loading and initial phenol concentration were investigated. This study provided an efficient and environmentally benign photocatalyst for degradation of organic pollutants in water, with complete prevention of secondary contamination from metal-leaching.
Introduction
Nowadays, worldwide attention has been drawn to develop the state-of-the-art technologies to remove toxic and hazardous chemicals in various wastewaters discharged from industries and households. The most popular Fenton process generates hydroxyl radicals (•OH) to completely decompose organic compounds into water and carbon dioxide [1, 2] . However, the traditional Fenton reaction requires large amounts of chemical reagents and suffers from the generation of excess sludge and strict pH requirement (pH~3) [3, 4] . The leaching problems and the associated secondary contamination still stubbornly exist in any metalbased homogeneous and heterogeneous systems in the advanced oxidative processes (AOPs) [5, 6] .
In recent years, photocatalysis has been intensively investigated as a fascinating way for oxidative reactions without consuming other oxidants [7] [8] [9] [10] . A variety of metal-based materials were employed as efficient photocatalysts, yet the dissolved metal ions and high cost restricted their availabilities in industrial application [11, 12] . Wang and co-workers first reported that polymeric graphitic carbon nitride (g-C 3 N 4 ) can act as a metal-free photocatalyst to motivate water splitting for hydrogen generation under visible light [13] . Generally, g-C 3 N 4 can be synthesized by thermal condensation of precursors at 500 -600 ºC and it presents great thermal and chemical stabilities under ambient atmosphere and superior photoelectrochemical properties [14] . Subsequent studies indicated that g-C 3 N 4 was able to be effective photocatalysts in selective oxidation [15, 16] , fuel cell [17] , and solar fuel production [18, 19] .
Various strategies were applied to modify the structure of carbon nitride by nanocasting or soft templating to form feature-ordered pores and controlled intricate morphologies [14] .
Transition metals, such as Fe [20, 21] , Cu [22] , Ta [23] , Co [24] , and Ag [25, 26] were also deposited onto g-C 3 N 4 to form novel organic-inorganic composites, which strongly tuned the optical, electrical and chemical properties of g-C 3 N 4, and then dramatically enhanced the photocatalysis. Yan et al. [27] reported that B-doped g-C 3 N 4 could enhance the photodegradation of rhodamine B under visible light. Wang et al. [28] successfully utilized metal-free co-dopant of boron and fluorine to modify the surface chemistry and electron states of g-C 3 N 4 . The innovative photocatalyst presented superior performance for oxidation of clycloalkanes toward formation of cyclohexanone with notably high selectivity.
The emerging graphene, a new 2-dimentional (2D) nanocarbon material with sp 2 hybridized carbon lattice, has opened up a brand new field in catalysis science and technology [29, 30] .
The pristine graphene possesses a large specific surface area, superb charge carriers' mobility and outstanding electrical conductivity [31] . Several studies were carried out to utilize graphene to improve the photocatalytic activity of titanium dioxide [32] [33] [34] . Both experimental results and theoretical studies revealed that the enhanced photocatalytic activity mainly derived from the chemically bonded interface between graphene and TiO 2 [33, 35] .
Graphene was also applied to promote metal-free sulphur photocatalyst [36] . The graphene in the composite enhances the charge transportation, facilitates the separation of photo-excited electron-hole pairs, and enables the generated electrons transferring to graphene to coordinate redox reactions [33] . Zhang et al. [37] reported that rGO can modulate the band structure of g-C 3 N 4 , then significantly increase the photocurrent. Li et al. [15] reported that introduction of graphene to g-C 3 N 4 can promote the conversion and selectivity in activation of O 2 for selective oxidation of secondary C-H bonds of cyclohexane. Du et al. [38] applied density functional theory to theoretically investigate the interface of graphene and g-C 3 N 4 , and found significant charge transfer between them, which alters the electronic properties and extends optical absorption in the visible region. Xiang et al. [39] reported that graphene/g-C 3 N 4 hybrids demonstrated enhanced photocatalytic activity for hydrogen production under visible light. However, the graphene/g-C 3 N 4 has not been investigated in degradation of organic pollutants in water.
More recently, we reported a novel metal-free hybrid of g-C 3 N 4 /carbon nanospheres for degradation of organic pollutants in water [40] . In this study, we developed an in-situ approach to synthesize g-C 3 N 4 /graphene composites via a one-pot condensation. Graphene was proven to be a promising promoter for enhancing photo-oxidation of g-C 3 N 4 under visible and UV-visible light for phenol and methylene blue degradation.
Experimental

Synthesis of g-C 3 N 4 /graphene hybrids (CN-G).
Graphene oxide (GO) was prepared by a modified Hummers method [41] and detailed procedure can be found in our previous publications [5, 6] . To prepare the g- 
Characterization of nanocarbons
Scanning electron microscopy (SEM, Zeiss Neon 40EsB FIBSEM) was applied to investigate the morphological information of the hybrids. Transmission electron microscopy (TEM)
imaging was obtained from a JEOL-2011 TEM instrument. X-ray photoelectron spectroscopy (XPS, ESCALAB 250) was carried on with an Al-Kα source. X-ray diffraction (XRD)
patterns were obtained on a D8-Advanecd X-ray diffractometer (Bruker, Germany) with Cu
Kα radiation (λ = 1.5418 Å). Micrometrics-Tristar 3000 was applied for N 2 adsorption to obtain the specific surface area (SSA), pore volume, and pore size distribution. 
Results and discussion
Physicochemical properties of the materials
The morphology of the hybrids was revealed by SEM and TEM imaging. Pristine g-C 3 N 4 in Fig The crystal structures of pristine g-C 3 N 4 (CN) and CN/graphene composites were studied by XRD (Fig. 2) . The sharp peak at 2θ of 27.5 o reflects an interlayer distance of 0.324 nm, which is referred to the stacking of C-N bonds in the aromatic structure and reflects the (002) plane of graphitic materials [39] . The peak at 2θ of 13.1° can be indexed to be (001) plane (0.676 nm), related to the small tilt angularity and in-plane repeated units and reported in many references in polymerized preparation of CN with different precursors such as urea, cyanamide, and dycyanamide [8, 40, 42, 43] . No obvious peaks for GO or rGO were found in the CN-G hybrids. This can be ascribed to the fact that the graphene stacking was destroyed during the thermal annealing and reduction process, and that the peak of rGO at around 26 o was overlapped by g-C 3 N 4 [39] . Relative intensity /a.u.
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Heat flow(mW) However, no C-O or C=O bonds were identified in the CN-G-0.4, suggesting that most of the oxygen functional groups on GO were removed during the thermal reduction. The obvious peak at around 800 cm -1 is assigned to the typical triazine-units breathing mode [39, 50] . between 500 and 900 ºC and the oxygen groups were completely removed at ~1100 ºC [51] . 5(b) shows that the C1s peaks consist of two parts. The peak at the bonding energy of 285.1 eV is corresponding to the sp 2 C-C bond and the other sharp peak at 288.7 eV is attributed to the carbon adjacent with three N atoms [39] . High resolution N1s XPS was performed to probe the N categories on the catalysts. The N1s peak (Figs. 5(c) and (d)) can be fitted into three parts located at 401.0, 399.9, and 398.6 eV. The peak at 398.6 eV is associated with the sp 2 hybridized N bonded with two carbon atoms (C˗N=C), which is the dominant nitrogen species in the g-C 3 N 4 with tri-s-triazine structure [52] . The other two peaks, 401.0 and 399.9 eV, could be assigned to the quaternary N (N bonded with three carbon atoms, N-(C) 3 ) and amino groups (C-N-H), respectively [39, 52, 53] . Apart from the light absorption, the photodegradation efficiency is also controlled by the separation rate of the photoinduced carriers [40, 54] . Relative intensity /a.u.
Fig. 8 PL spectra of the CN and CN-G photocatalysts. CN-G-0.2, respectively. Meanwhile, CN-G-0.4 and CN-G-0.6 provided 41% and 60% MB degradation, respectively. It was reported that increasing graphene contents could enhance both MB adsorption and visible light absorption, and then possibly improve the photocatalytic activity [38] . It can been seen in Fig 9(d) was able to increase the reaction rate as the phenol was quickly decomposed by the photoproduced holes and prevented the recombination. However, the excess phenol in aqueous solution would be adsorbed on the surface of the catalysts and weaken the photo-activation processes. The finite active sites generated from the fixed amount of photocatalyst could be another limiting factor as well. Fig. 11 Photodegradation of organics on g-C 3 N 4 /graphene hybrids.
Photocatalytic oxidation of MB and phenol
Roles of graphene for enhanced photocatalysis
Pure g-C 3 N 4 is more sensitive to UV and severely suffered from the drawbacks of quick recombination of the photogenerated electron/hole pairs [38] . Ge et al. [52] introduced multi- hybrids facilitated the excited electrons from the valence band of g-C 3 N 4 to the conduction band followed by a fast transportation to the graphene sheet, which results in a lower recombination rate between the photo-motivated holes and electrons [38, 39] . The holes would abstract one electron from the target organic compound (MB or phenol) and the chemically unstable organic substance was quickly transferred to degradation products.
Besides, the extra electron, which was transported into the sp 2 hybridized carbon honeycomb, might be restricted at the Lewis basic sites (quinone and ketonic groups, -C=O) of the reduced graphene oxide but can transfer to the water and oxygen molecules from graphene basal plane and the defective sites (vacancy and edges) to form active radicals for attacking MB and phenol to degradation products [15, 40] . Additionally, it was well reported that carbonaceous intermediates could improve phenol and visible light absorption through dyesensitization, then enhancing the photooxidation process [40, 56] .
Conclusions
CN-graphene composites were prepared by a simple thermal condensation of melamine with GO at 550 ºC. Compared to pristine carbon nitride, enhanced photocatalytic oxidation of MB and phenol under visible and UV-visible light was achieved. The introduced graphene was able to modulate both the adsorption capacity and optical absorption in visible light radiation.
Increased level of rGO can significantly improve the adsorption of MB on CN-G samples, extend the visible light absorption, and then enhance the visible light photodegradation of MB. The hybrid photocatalysts were also able to efficiently degrade phenol solutions. Both catalyst loading and initial phenol concentration showed significant effects on phenol removal under UV-visible light. This study provided an efficient and green photocatalyst for degradation of dye and other organic pollutants, and can contribute to the development of sustainable remediation technologies.
